The actual joint servo commands that are generated depend on the selected operational mode, which can be either single-joint mode, one of four manual augmented modes, or several automatic sequence modes. One of the manual augmented modes is normally used for payload operations on-orbit, although the single-joint mode is used for RMS stowing and to avoid joint singularities.
Joint angle position and motor shaft rate are measured with an encoder and tachometer, respectively, at each joint, and are returned to the MCIU and GPC for control purposes. Shown are the lateral displacement of the free end of the arm, the shoulder-yaw joint angle encoder response, and the shoulder-yaw joint rate derived from the motor shaft tachometer.
After the command to the RMS is removed, the peak-to-peak free oscillation at the tip of the arm is about 5 inches, while the actual measured joint angle change during the same time is on the order of 0.1 degree. The discrete stepping of the encoder response is due to word length limitations in the Shuttle GPC, indicating that the signal is at the limit of useful resolution.
The yaw joint rate is on by the configuration change and appears to be more desirable than tachometer feedback for active damping augmentation.
MIMO Studies
The SISO studies above investigated direct output feedback using tachometer and accelerometer measurements. The MIMO controllers are of the form
where Ac is the compensator dynamics matrix, Bc is the control distrubution matrix, Cc is the observation matrix, For control purposes, a fixed gain regulator of the form
was used, where u is the vector of joint rate command signals. The state estimate _ was obtained from an observer of the form
where y is the tip accelerometer measurement and the observer gain M was identified from the OKID system identification method.
To obtain the optimal gain G, the model with the prepended fdter was used in a frequency weighted LQR design with a weighted cost function of the form
where Q is the output weight matrix, and R is the control weighting matrix.
The numerical values of Q and R were determined using an iterative design procedure on the linear model which avoided actuator saturation.
The final values used in the design are Q=diag{0.002 0.002 0.002} and
the performance index (5) was recast:
The optimal feedback gain G which minimizes the performance index J in equation (7) was found using Matrix x 13 software tools.
MIMO Active
Damping Results -The multivariable LQR controller with observer was evaluated on the DRS nonlinear simulator. The tip position following a 3-second shoulder-yaw pulse rate command is shown in Fig. 14. In addition, after 90 seconds, Shuttle thruster firing was simulated for 6 seconds. The solid line represents standard RMS operation, the dotted line represents actively damped performance.
The time required to damp the tip oscillation to -1 inch is decreased by a factor of 3. Note that the steady state value of the tip displacement is the same as the nominal value. This is accomplished without using position feedback by the use of the high pass filter appended to the observer plant model in the regulator design. The shoulder-yaw servo torque following the 3-second shoulderyawpulseratecommand is shown in Fig.15 . Thesolid line represents standard DRSoperation, thedottedline represents closed loopperformance. Inthistimehistory, the controller hastheeffect of reducing theapplied torque bya factor of2. Thisprovides anadded potential benefit ofalso reducing thestructural stress in thearmfollowing routine maneuvers involvingeitherjoint commands or Shuttle thruster firings.
IV. CONTROLLERIMPLEMENTATION

IN RMS SOFTWARE
Based on the recommendations of CSDL, a potential means of implementing an active damping augmentation controller in the Shuttle GPC software was identified.
This strategy, illustrated in Fig. 16 
